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Despite a significant increase in thermoelectric figure of merit zT achieved in the past two decades, the
lack of scalable and low-cost device manufacturing methods has remained a major barrier to the large-
scale adoption of thermoelectric devices for cooling and power generation. Here, we report a highly
reproducible, facile, and cost-effective ink-based processing technique to fabricate thermoelectric
composites with an exceptional room temperature zT of 1.3, which is by far the highest in materials
processed using ink-based deposition methods. We found that the addition of tellurium (Te) to BiSbTe
not only suppresses defects but also facilitates pressureless sintering and densification, optimizing the
Seebeck coefficient and electrical conductivity while lowering thermal conductivity to achieve a high-
performance thermoelectric device. The tuning of ink constituents leads to weighted mobility close to
that of single-crystal BiSbTe while ensuring an optimal carrier concentration for maximizing the
thermoelectric power factor. At a temperature difference of 97.5 °C, an in-plane thermoelectric device
produces a high power density of 27 mW cm™2. The highly scalable and inexpensive ink-based
processing technique to manufacture devices with reproducible high thermoelectric performance near
room temperature opens up enormous opportunities for using thermoelectrics to harvest low-grade
waste heat to improve energy efficiency, reduce CO, emission, and enable environmentally friendly
solid-state cooling and refrigeration without refrigerants or greenhouse gas emission.

Thermoelectric devices (TEDs) are solid-state energy converters with broad applications in waste heat recovery for improving energy efficiency, and
environmentally friendly and emission-free cooling without the need for refrigerants. However, the lack of scalable and cost-effective manufacturing methods
to produce commercially viable TEDs remains a major barrier limiting their widespread adoption. This work introduces an innovative ink processing method to
fabricate high-performance and low-cost thermoelectric composites and devices. We report a remarkable room-temperature figure of merit 27 of 1.3 with
excellent reproducibility, which is by far the highest among the materials made by ink-based processing methods. The versatile ink processing method
demonstrated here opens up tremendous opportunities to revolutionize the manufacturing of a wide range of materials and devices for next-generation
technologies that are critical for clean energy production and environmental sustainability.
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1. Introduction

Thermoelectric materials have gained increasing interest in
recent decades due to their broad applications in solid-state
cooling as well as power generation utilizing waste heat.’™ The
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dimensionless figure of merit zT' = ($%0/x)T, where S is
the Seebeck coefficient, ¢ is the electrical conductivity, x is
the thermal conductivity, and 7 is the absolute temperature.”®

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ Optimization of S, ¢, and x requires control of charge carrier
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and phonon transport properties.”” The 2T values of
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thermoelectric materials have considerably increased in the past
two decades by tuning their compositions and microstructures
to achieve the desired transport properties.>™® Despite this
progress, the reported high zT materials still rely upon conven-
tional manufacturing methods, including hot pressing, arc
melting, zone melting, and spark plasma sintering, which can
only produce bulk thermoelectric structures with relatively high
cost, low reproducibility, and low scalability.""™® Large-scale
adoption of thermoelectric devices for energy harvesting and
cooling necessitates scalable and cost-effective manufacturing
processes tailored for industrial applications while producing a
competitive and reproducible thermoelectric figure of merit.
Recent advances in ink-based processing technologies present
a new paradigm for cost-effective and scalable manufacturing of
thermoelectric devices.'®*2° Within this context, notable advance-
ments have been achieved in extrusion printing, screen printing,
inkjet printing, and aerosol jet printing, facilitating the produc-
tion of thermoelectric devices and their adaptability in terms of
shapes and form factors.'"® Using ink as a starting material
combined with careful deposition provides more control over
the microstructures and macroscale 3D geometries of the printed
thermoelectric materials.””*®* Among popular thermoelectric
materials, p-type bismuth antimony telluride (Bi,Sb, ,Tes, here

(a) Ink preparation

(b)
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denoted BiSbTe) is renowned for its high room-temperature
performance enabled by the complex electronic structure.>* '
Earlier, Kim et al used a Sb,Te;-based inorganic binder to
produce a BiSbTe bulk structure using extrusion printing and
reported a z7T of 0.9 at a temperature of 125 °C.** Varghese et al.
achieved a room temperature zT of 1 for screen-printed BiSbTe
films.*® Yang et al. reported a zT of 1.1 at 100 °C for BiSbTe, with
the maximum z7 shifting to different temperatures depending on
the Bi-to-Sb ratios in extrusion-printed BiSbTe bulk structures.**
Despite these advancements, the room-temperature zT remains
inferior to the best reported zT values enabled by the optimum
carrier concentration and high charge carrier mobility achieved in
bulk materials fabricated by conventional methods.*” Other p-type
materials (e.g;, PbTe, Cu,Se, SnSe) with high thermoelectric
performance at elevated temperatures are still not competitive
enough to replace BiSbTe in terms of room-temperature
performance.”* In addition, reproducibility is another chal-
lenge for ink-based methods to manufacture thermoelectric
materials and devices with consistent high performance.'**¢38
Herein, we report an ink-based blade coating (BC) process to
fabricate thick Biy,Sb,¢Te; films with 8 wt% excess Te
(BiSbTe-Te) with a high 2T of 1.3 at room temperature, which
is significantly higher than that of p-type materials made by
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(a) Schematic representation of the thermoelectric ink formulation. (b) Blade coating for fabricating thick thermoelectric films. (c) Schematic of

the Te-assisted liquid-phase sintering of BiSbTe. (d) Comparison of room-temperature zT between our blade-coated BiSbTe-Te sample and other

p-type thermoelectric materials made with different ink-based processes

33,40,43-47 (

BC - blade coating, SP — screen printing, EP — extrusion printing,

DIW — direct ink writing, DP — dispenser printing, p3DP - pseudo-3D printing, IP — inkjet printing).
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ink-based methods (Fig. 1), and even higher than that of bulk
BiSbTe made by conventional methods (Table S2,
ESI¥).1112:32:33:37:39-41 The extra Te not only enables high charge
carrier and weighted mobility close to those of single-crystal
BiSbTe but also changes the defect chemistry to enhance the
Seebeck coefficient, resulting in a ~75% increase in the
thermoelectric power factor and a three-fold increase in zT'
compared to the baseline Bi, 4Sb; ¢Te; film. The ink formula-
tion, excess Te, and the sintering conditions were systemati-
cally optimized to achieve the maximum power factor. Bayesian
optimization (BO) machine learning (ML) techniques provide a
principled approach to determine when to terminate ink and
sintering optimization.*> A thermoelectric generator (TEG) is
demonstrated with a high power density of 27 mW cm ™2 under
a temperature difference of 97.5 °C. The highly scalable and
reproducible ink-based processing technique to manufacture
high-performance and low-cost thermoelectric materials and
devices unlocks tremendous opportunities for thermoelectrics
to improve energy and environmental sustainability.

2. Results and discussion

2.1. Optimization of the ink formulation and sintering
parameters

BiSbTe and its composites with excess Te were prepared using
the blade-coating method. Thermoelectric material fabrication
was completed in three steps: ink preparation, blade coating
using a PDMS template, and post-processing of the coated
thermoelectric films (Fig. 1(a) and (b)). The sample prepared
by this innovative procedure is scalable to thick films and bulk
pellets. The thermoelectric ink contains BiSbTe particles, Te
particles, o-terpineol solvent, and Desperbyk-011 commercial
binder. The rheology of the thermoelectric inks can be tuned by
adjusting the ratio of the binder, solvent, and concentration of
the thermoelectric powders (Fig. S2(a)—(f), ESIT). The binder
enhances the particle surface interaction by acting as a binding
agent. The frequency sweep result of the ink helped optimize
the ink rheology for the blade coating by varying the binder
percentage. The extensive changes in the storage and loss
modulus (Fig. S1, ESIT) due to the binder addition provide
effective control over the ink rheology to yield the most suitable
ink for the blade coating process. As shown in Fig. S2(d)-(f)
(ESIY), the power factor of the BiSbTe-Te sample peaked at the
optimized binder addition of 16.7 wt%. The addition of Te
significantly enhances the Seebeck coefficient of the sample
(Fig. S2(a), ESIt) while decreasing the electrical conductivity,
which results in a maximum room-temperature power factor of
3.44 mW m™ ' K2 at 8 wt% excess Te. The obtained power
factor shows high reproducibility for 18 samples prepared in 7
batches in a span over a year (Table S1, ESI{). The post-
processing included drying and cold pressing, followed by
thermal sintering in a tube furnace that enhanced the density
and electrical conductivity of the final structure. The cold
pressing pressure, sintering time, and temperature were also
optimized to maximize the power factor (Fig. S2(g)-(o), ESIT).

4562 | Energy Environ. Sci., 2024, 17, 4560-4568

View Article Online

Paper

The BiSbTe-Te sample with 8 wt% extra Te showed the highest
power factor at an optimized sintering temperature of 450 °C
for one hour using an ink containing 16.7 wt% binder. To
confirm that the maximum power factor was obtained, we
performed further optimization guided by BO with Gaussian
process regression (GPR) as an ML surrogate model (Fig. S3(a),
ESI).*®*° The GPR model trained using the existing data with
sintering parameters and ink variables as inputs and power
factor as output showed reasonable accuracy (Fig. S3(b), ESIf).
Fig. S3(c) (ESIT) shows that the model-predicted maximum is
3.37 mW m~ "' K% which is within the uncertainty of the
already achieved 3.44 mW m~' K 2. Fig. S$3(d) (ESIt) shows
that the expected improvement (EI), an acquisition function
balancing exploration and exploitation in BO, is low, with a
maximum near the optimal conditions obtained above. Simi-
larly, Fig. S4 (ESIt) shows the GPR predictions with confidence
regions, which confirm that the final composition and sinter-
ing conditions are optimal. Therefore, while BO does not yield a
higher power factor, it confirms that our optimization has
already achieved the maximum power factor, and it provides
quantitative guidance on when to terminate the experimental
optimization while considering uncertainty.

2.2. Crystallographic and microstructure analyses

We performed comprehensive analyses on both the baseline
BiSbTe sample and the sample with an excess of 8 wt% Te
(BiSbTe-Te) to understand the composition-structure-property
relationship. X-ray diffraction (XRD) is performed at three
different states, ie. sintered films (Fig. 2(d)), pristine powder,
crushed and powdered BiSbTe and BiSbTe-Te sintered film
(Fig. S5, ESIt). All the peaks matched the Bi, 4Sb, ¢Te; crystal
structure, with one additional peak found for elemental Te in
BiSbTe-Te. Peak indexing for all peaks in the XRD pattern
revealed major differences in the texture of the BiSbTe powder
and sintered BiSbTe and BiSbTe-Te films. The pristine BiSbTe
powder shows a relatively lower intensity of the (00/) peaks,
unlike the sintered BiSbTe sample, denoting a reorientation
and plate-like morphology after sintering. The (00l) peak
intensity became less prominent, while a substantial increase
in intensity was observed for other peaks for the BiSbTe-Te
film, indicating a deviation from the plate-like morphology.
To further understand this behavior, XRD was performed again
after crushing the sintered films into a powder. All powdered
samples showed a lower (00[) peak intensity, indicating reor-
ientation of the BiSbTe’s plate-like morphology with added Te
in the BiSbTe-Te film. This texture difference can affect the
transport properties of the materials as well.'*

SEM images of the polished cross-section (surface horizon-
tal to the pressing direction) of the BiSbTe and BiSbTe-Te
samples are shown in Fig. 2(a) and (b). BiSbTe-Te shows a
denser microstructure than BiSbTe. Liquid-phase sintering,
which is favored by the low melting point of Te enhances the
densification of BiSbTe-Te. The more obvious (00!) orientation
found in the XRD pattern of BiSbTe was present in the micro-
structure with aligned grains as stacked plates (Fig. 2(b) and
Fig. S8(a), ESIT). For a more quantitative evaluation, image

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Scanning electron microscopy (SEM) images of the cross-section of (a) BiSbTe—Te (scale bar: 5 pm). (b) BiSbTe (scale bar: 5 pum) and (c) EDS
elemental mapping of BiSbTe—-Te (scale bar: 5 pm). (d) X-ray diffraction results of BiSbTe and BiSbTe—-Te. The reference XRD curve at the bottom is for
Bip.4Sb1gTes obtained from the ICSD (inorganic crystal structure database).

analysis measuring the aspect ratio of the fractured facets
(Fig. S6(a) and (b), ESIt) showed a 48% higher ratio in BiSbTe-
Te, which further validated the texture difference in XRD. EDS
analysis of the BiSbTe-Te sample indicates that the excess Te is
mostly distributed along the grain boundaries (Fig. 2(c) and Fig.
S7, ESIT). In contrast, the BiSbTe sample did not show any Te
distribution along its grain boundaries in the EDS elemental
map (Fig. S8, ESIt). EDS analysis reveals a slightly higher Te
concentration (63.6 at%) in BiSbTe-Te than the stoichiometric
composition (60 at%) and the BiSbTe sample (57.9 at%). The
excess Te detected by EDS could arise from Te at nearby grain
boundaries, stacking faults, and dislocations in addition to point
defects, typically Bi/Sb on Te antisite defects that produce holes
as free charge carriers. The lower atomic ratio of Te compared
to the stoichiometric composition (Biy 4Sb; ¢Te3) can be due to
the evaporation of Te during the pressureless sintering.*” In
general, Te deficiency indicates a Te-poor chemical potential
that promotes the formation of acceptor defects (typically Bi/Sb
on Te antisite defects), which is known to increase the hole
concentration.”® Moreover, Te loss decreases the formation
energy of antisite defects, which can cause higher hole concen-
tration of antisites in BiSbTe and low Seebeck coefficient.'*>'**

2.3. Transport properties and zT

The temperature-dependent thermoelectric properties of the
BiSbTe and BiSbTe-Te samples are shown in Fig. 3(a)-(c). The

This journal is © The Royal Society of Chemistry 2024

average carrier concentrations for BiSbTe and BiSbTe-Te were
measured to be 6.5 x 10 cm™ and 7.3 x 10'® cm?,
respectively. The Te deficiency promotes the formation energy
of antisite defects.’”>> The excess Te in the BiSbTe-Te sample
results in Te-excess chemical potential and subsequently
reduces the number of antisite defects, leading to reduced
carrier concentration and enhanced Seebeck coefficient.'*?%33
The band gap calculated using the Goldsmid-Sharp equation is
0.20 eV, which is slightly higher than the reported values.?® The
calculated effective mass (m*) from the Seebeck coefficient and
carrier concentration for BiSbTe is 1.1m. (. is the free electron
mass), which is comparable to the literature reports.>>*"** In
the room-temperature Pisarenko plot, both BiSbTe and BiSbTe-
Te samples could be well-fitted to 1.1m. effective mass with a
small deviation for BiSbTe-Te due to low carrier concentration
(Fig. S10(b), ESI¥).

The temperature- and Te concentration-dependent weighted
mobilities were calculated from the measured Seebeck coeffi-
cients and the electrical conductivities (Fig. 3(d) and Fig. S10(a)
ESIt). The calculated weighted mobility (473 ecm® V™' s™") for
BiSbTe-Te is very similar to the reported single-crystal value."®
Such high mobility ensures high electrical conductivity and
Seebeck coefficient of BiSbTe-Te when the charge carrier
concentration is optimized. The increased mobility of the Te
excess sample is attributed to the reduced carrier scattering due
to the diminished concentration of different types of defects

Energy Environ. Sci., 2024,17, 4560-4568 | 4563
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Fig. 3 Temperature-dependent thermoelectric measurement results for
(d) Weighted mobility at varying Te concentrations.

(porosities and antisites).”> The high carrier concentration of
BiSbTe leads to high conductivity despite the relatively low
mobility. The electrical conductivity decreases with temperature
for both BiSbTe and BiSbTe-Te samples, which is typical
for heavily doped semiconductors. The significantly increased
Seebeck coefficient and moderate electrical conductivity lead to
an almost 75% increase in the power factor at room temperature
for the BiSbTe-Te composite compared to the BiSbTe sample. The
weighted mobility also decreases with temperature for both the
samples (Fig. S10(a), ESIT) with a sharper slope of decrease for
the BiSbTe-Te sample producing a lower power factor at high
temperatures (Fig. 3(c)), which is typical of phonon-dominated
scattering. The high thermoelectric performance of BiSbTe-Te
showed repeatable performance with less than 5% variability
between the subsequent temperature-dependent measurements
(Fig. S9, EST}).

To evaluate the zT of the samples, we measured the thermal
diffusivity using the Angstrom method and calculated the
thermal conductivity. The room-temperature thermal conduc-
tivities of BiSbTe-Te and BiSbTe are 0.77 and 1.18 Wm * K %,
respectively. The reduced thermal conductivity, in combination
with the increased power factor in BiSbTe-Te gives rise to a
room temperature 27" of 1.3, which is appreciably higher than
that of other thermoelectric materials fabricated by ink-based
methods (Fig. 1(d)). The electronic thermal conductivities of
both samples can be calculated using the Wiedemann-Franz
law, k. = LoT, where L is the Lorenz number calculated using

4564 | Energy Environ. Sci., 2024,17, 4560-4568

View Article Online

Paper

(b)

-\'\'\'\H_._.

0 50 100 150
Temperature (°C)

200

(d)

-
o
o

T T T

0 4 8 12
Te Content (wt.%)

(a) Seebeck coefficient, (b) electrical conductivity, (c) power factor.

the equation provided by Kim et al®® The lattice thermal
conductivity can be calculated as the difference between the
total thermal conductivity and the electronic thermal conduc-
tivity (k; = k — k). The k; values of BiSbTe and BiSbTe-Te are
0.36 Wm ' K ' and 0.53 W m " K" respectively, which are
significantly lower than those of the bulk samples contributing
to increased zT in BiSbTe-Te.*> The removal of solvent and
binder during the drying and sintering processes coupled with
the pressureless sintering results in the structures containing
porosity, which leads to k; reductions compared with fully
dense bulk compounds.”” The moderately increased x; in
BiSbTe-Te can be attributed to the increased densification
and possibly fewer defects with the addition of Te.

2.4. Device performance

To demonstrate the performance of the blade-coated BiSbTe-Te
composite samples, an in-plane TEG device consisting of six
BiSbTe-Te p-type legs connected by silver paint was fabricated.
The contacts between the thermoelectric legs and electrodes
were optimized by aerosol jet printing of a thin gold layer at the
two ends of the BiSbTe-Te samples, followed by sintering in a
furnace. The total device resistance measured was 7.35 Q,
which included the contact resistance (~0.2 Q per contact).
The device performance was measured at the hot-side tempera-
tures ranging from ~40 °C to ~140 °C, while the cold-side
temperatures increased from 23 °C to 39 °C when the hot-side
temperature increased. Finite element modeling using ANSYS

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Thermoelectric device experimental (Exp.) and computational (Comp.) results as a function of various temperature differences between the hot
and cold sides. (a) Open-circuit voltage vs. temperature difference. (b) Device voltage vs. current. (c) Output power vs. current. (d) Peak power density vs.

temperature difference. The image of the device is shown in the inset.

was used to simulate the device performance using the experi-
mentally measured thermoelectric properties as the input. The
experimentally measured open-circuit voltages agree within 5%
with the simulation results (Fig. 4(a)), which confirms the
accuracy of the measured Seebeck coefficients. The device
voltage—current characteristics and the output power shown
in Fig. 4(b) and (c) also match the simulation results. With a
temperature difference of 97.5 °C between the hot and cold
sides, the output power and the power density are 0.84 mW and
27 mW cm >, respectively (Fig. 4(d)), which is significantly
higher than that of thermoelectric generators produced by
ink-based methods.?**%**%%%” The maximum output power
obtained is sufficient to power a wide range of low-power
sensors and electronics.*?

3. Conclusions

BiSbTe-based inks were formulated for the scalable processing
of high-performance thermoelectric composites and devices.
Excess Te-mediated liquid-phase sintering highly suppresses the
defects in BiSbTe-Te to simultaneously increase the weighted
mobility and Seebeck coefficient while reducing the carrier
concentration and thermal conductivity, leading to a high zT
of 1.3 at room temperature. The highly reproducible perfor-
mance enables an in-plane thermoelectric device made of six
legs of BiSbTe-Te, delivering a power density of 27 mW ¢cm™> at a
temperature difference of 97.5 °C between the hot and cold

This journal is © The Royal Society of Chemistry 2024

sides. The scalable and low-cost processing technique reported
in this work has the potential to transform thermoelectric device
manufacturing and make thermoelectrics a commercially viable
technology for energy harvesting and cooling applications.

4. Materials and methods

4.1. Materials and ink preparation

Bismuth antimony telluride powder of 325 mesh size (99%) was
obtained from Wuhan MCE Supply Co., Ltd. Tellurium (Te) powder
(99.8%) of 200 mesh size, and the o-terpineol solvent (97%) were
purchased from Sigma-Aldrich. The commercially available binder
Disperbyk-011 was purchased from BYK. The ink solvent was
prepared by adding o-terpineol and Desperbyk-011 at an appro-
priate ratio in a closed plastic container and stirring for six hours.
Thermoelectric ink with 82 wt% solid loading for the blade coating
of the thermoelectric film was prepared by mixing the thermo-
electric particles and solvent in a sealed plastic container and
mixing with a planetary mixer (AR-100) for one hour while stainless
steel metal balls were added for thorough mixing. Ink rheology was
tested using a Discovery HR-2 rheological testing machine before
blade coating the thermoelectric films.

4.2. Blade coating and post-processing

Cuboid-shaped (15 mm x 3 mm x 0.2 mm) thermoelectric
samples were manufactured on a flexible polyimide substrate
using a blade coating process. First, a polydimethylsiloxane

Energy Environ. Sci., 2024,17, 4560-4568 | 4565
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(PDMS) template was prepared by casting. The template was
then cleaned with isopropyl alcohol (IPA) and treated with
oxygen plasma (Harrick Plasma Cleaner PDC-001-HP). PDMS
was then attached to a plasma-cleaned polyimide substrate by
hand pressing. An appropriate amount of thermoelectric ink
was deposited into the PDMS template. Finally, a clean
stainless-steel blade was run from one side to the other side
of the template to ensure a homogeneous distribution of ink
along the sample (Fig. 1(b)). After removing the template from
the substrate, the ink assumes the cuboid shape of the PDMS
template, thereby depositing a thermoelectric structure on the
substrate. The two-step drying of the sample in air and forming
gas (95% N, and 5% H,) environment took place at 85 °C and
250 °C for 1 hour each. The dried samples are then cold-pressed
at 25 MPa for 10 minutes in a hydraulic press for densification.
The samples became freestanding and detached from the
substrate after drying and cold pressing. The dried and cold-
pressed samples were sintered without additional pressure in a
tube furnace in a forming gas environment at varying tempera-
tures and times to obtain the final thermoelectric structures.

4.3. Thermoelectric and microstructural characterization

Temperature-based measurements of the Seebeck coefficient
and electrical conductivity were performed using an in-house
built setup. The setup consisted of two thermocouples for
temperature measurements, two vertically aligned heaters for
temperature control, and two electrodes for the current supply
during the four probe electrical resistivity measurements. The
thickness of the sample was measured using a Bruker DektakXT
stylus profilometer using a 0.2 pm size stylus and 1 mg of force.
A custom-built measurement setup based on the Angstrom
method was used for the thermal diffusivity measurement.*®
The details of the measurement procedure are provided in the
ESI+ (Fig. S11). Later, thermal conductivity was calculated based
on the relationship « = apC,,, where « is the thermal diffusivity, p
is the mass density of the sample, and C, is the constant
pressure-specific heat capacity. The heat capacity was obtained
from a previous publication.’®> The Hall effect measurements
were performed using a commercial HL5500PC system equipped
with four probes. A Helios G4 UX Dual Beam microscope was
used for microstructural characterization of the samples. EDS
analysis was performed using a Bruker EDS equipped with an
SEM. A detailed microstructural analysis was carried out by
cross-sectioning and mirror polishing of the samples unless
the grain boundaries were observed. X-ray diffraction patterns
were collected using a Discover D8 X-ray diffraction machine.

4.4. Thermoelectric device preparation, simulation, and
measurement

A thermoelectric in-plane device was prepared by connecting
six p-type BiSbTe-Te films in series (Fig. S12, ESIT). Only p-type
legs were considered for the device to understand the perfor-
mance improvement of only BiSbTe-Te. All samples were
coated with a thin layer of gold particles at two longitudinal
extremes to minimize contact resistance before being con-
nected by silver paste. The gold layer was printed with an
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Optomec Aerosol Jet Printer, dried, and sintered in a furnace
in a forming gas environment at 300 °C. Copper wires were
used as electrodes in the thermoelectric devices. The thermo-
electric device was tested in a setup with an electrical heater
connected to the hot end of the device and a metal block with a
hollow channel connected to the cold end. The hot- and cold-
side temperatures were controlled by applying a voltage to the
heater and a flowing stream of water to the metal block,
respectively. The water flow rate was kept constant to maintain
a constant cooling flux on the cold side. ANSYS Finite Element
Analysis software was used to simulate the open-circuit voltage,
current flow, electrical power output, and power density under
a temperature differential between the cold and hot sides of the
thermoelectric device. The temperature-dependent material
properties of the Seebeck coefficient and resistivity were used
as inputs for the thermoelectric multiphysics model. The
electrical contact resistance between the device leg and elec-
trode was measured using a four-wire measurement technique
and was used as the input to the model.

4.5. Machine learning

Bayesian optimization (BO) is a methodology widely applied in
accelerating the discovery of functional materials.*” The tradi-
tional form of BO consists of Gaussian process regression (GPR)
and expected improvement (EI).>® The EI metric predicts the
value of additional experiments and is calculated using a GPR
model with available experimental data. GPR emulates the
behavior between manufacturing conditions (ink binder
concentration, Te amount, sintering temperature, and sinter-
ing time) and the power factor, taking into account the inherent
measurement errors within experiments and a kernel function
to measure the similarity among manufacturing conditions.
For our modeling, we employed Scikit-learn to develop the GPR
model and optimized it using the lbfgs optimizer. Additionally,
EI incorporates the trade-off between exploitation and explora-
tion and is calculated based on GPR’s predictive mean and
uncertainty, helping experimentalists make informed decisions
on future experiments. We developed a customized BO work-
flow for our framework and optimized the EI function using the
Ibfgs optimizer. The entire BO workflow, including modeling
and recommendation, requires less than 3 minutes on a Mac-
Book with a 2.6 GHz Intel Core i7 CPU.
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